Todo-matsu (Abies sachalinensis) is one of the most important forestry species in Hokkaido, Japan and is distributed from near sea level to the alpine zone. Due to its wide spatial distribution, the species adapts to its environment, displaying phenotypes of ecological relevance. In order to identify candidate genes under natural selection, we collected the transcriptome from the female and male flower, leaf and inner bark. De novo assembly with 34.7 Gb of sequencing reads produced 158,542 transcripts from 69,618 loci, whose estimated coverage reached 95.6% of conserved eukaryotic genes. Homology searches against publicly available databases identified 134,190 (84.6%) transcripts with at least one hit. In total, 28,944 simple sequence repeats (SSRs) and 80,758 single nucleotide variants (SNVs) were detected from 23,570 (14.9%) and 25,366 (16.0%) transcripts, which were valuable for use in genetic analysis of the species. All the annotations were included in a relational database, TodoFirGene, which provides an interface for various queries and homology search, and can be accessed at http://plantomics.mind.meiji.ac.jp/todomatsu/. This database hosts not only the A. sachalinensis transcriptome but also links to the proteomes of 13 other species, allowing a comparative genomic study of plant species.
Introduction
Abies sachalinensis (known as todo-matsu, todo-fir or Sakhalin fir) is a coniferous, wind-pollinated and wind-dispersed species in the Pinaceae family (2n = 24) (Yamazaki 1995) . This conifer plays an important role in timber use and forms an important component of forest ecosystems as a dominant climax species of the sub-boreal zone in northern Japan (Kato 1952) . The geographic range of this species mainly extends from Hokkaido, the northern island of Japan, to Sakhalin Island. The elevational distribution extends from near sea level to the alpine zone, approximately 1,600 m a.s.l. (Yamazaki 1995) . Due to this wide ecological distribution, large phenotypic variations along the environmental gradient were well known, suggesting adaptation to the habitat Sakai 1984, Eiga and Sakai 1987) . A reciprocal transplant experiment along the elevational gradient showed that both upslope and downslope transplantation reduced productivity, indicating the home-site advantage of the local population (Ishizuka and Goto 2012) . Despite being planted under favorable environmental conditions on a downslope site, plants derived from the upslope population showed inferior growth to those from other sites. Intraspecific adaptation to the local climate is thought to be driven by genome-based control of the responsible traits, such as autumn phenology (Ishizuka et al. 2015) . However, the presence of relevant genes and/or their mutations and their potential for local adaptation have not been sufficiently examined for this species. In order to evaluate the genes responsible and their ecological relevance, gene database/catalogs must be an appropriate tool for primary screening for candidate genes, which is, however, lacking for this species and its genus Abies.
Transcriptome sequencing or RNA-seq (RNA sequencing) is a method to capture whole expressed genes in a specific tissue.
The resulting vast amount of data can be utilized for the analysis of digital gene expression as well as for the construction of transcriptome contigs or transcripts in non-model organisms for which no reference sequences are available. Development of a reference gene set is a cost-effective strategy of first choice for non-model organisms, enabling a detailed downstream genetic study by providing an atlas of the expressed genes. Although sequence information from related species such as A. alba (Roschanski et al. 2013 ) and A. balsamea (Zerbe et al. 2012) could be transferred, detailed genetic analysis at species level needs reference sequences from the target species.
In the present study, our objectives were to develop transcriptome resources for A. sachalinensis, for which no genome resources are available to date. The resulting transcript sequences were annotated to construct a database, TodoFirGene, which will be used to identify candidate genes of ecological relevance in Abies species in future studies. Furthermore, orthologous sequences in 14 species including A. sachalinensis were identified for comparative studies, which reinforce the omics information of gymnosperms and connect researchers from forest sciences with those in comparative bioinformatics and evolutionary sciences.
Results and Discussion

Construction of the reference transcriptome
In total we collected 36.5 Gb of sequencing reads from four tissues, ranging from 7.4 Gb from the inner bark to 10.9 Gb from the female flower (Table 1) . After pre-processing, 34.7 Gb (95%) of reads were retained and used for assembly. The assembler, Oases (Schulz et al. 2012) , with k-mers from 21 to 95 produced 2,550,215 contigs in total, ranging from 28,383 (k = 95) to 357,191 (k = 21) (Supplementary Table S1 ), which EvidentialGene (Gilbert 2013) clustered into 158,542 transcripts with an estimated 69,618 loci. Each locus had a mean and maximum of 2.28 and 123 transcripts, respectively. The length of transcripts varied from 180 to 19,482 bp, with an average of 1,560 bp ( Fig. 1) , which we defined as the 'Public set' of the reference transcriptome for A. sachalinensis (TodoFirGene) ( Table 2) .
Evaluation of the reference transcriptome
When the comprehensiveness of TodoFirGene was evaluated by CEGMA (core eukaryotic gene mapping approach) (Parra et al. 2007) , 237 (95.6%) of 248 core eukaryotic genes (CEGs) were found. As for chimera detection, the method of Yang and Smith (YS method) with optimize_assembler (Yang and Smith 2013) identified 1,212 (0.76%) transcripts as chimeric, while FrameDP (Gouzy et al. 2009 ) identified 152,715 protein sequences from 158,542 transcripts (TodoFirGene), resulting in 14,418 (9.1%) of the reference with multiple protein sequences estimated. In all, 748 (0.47%) transcripts were identified by both YS and FrameDP methods, and 'High' levels of chimeric risk were suggested, while 14,134 (8.9%) transcripts were possible chimeras identified by either of the two methods and labeled as 'Middle' chimeric risk.
In our preliminary assembly and clustering of the transcriptome of A. sachalinensis, we used Oases with k-mers 31, 41, 51, 61 and 71. After splitting contig sequences at 'N' sites, sequences were then merged with the Oases '-merge' option and clustered with CD-HIT-EST (Li and Godzik 2006) , which produced 223,621 transcripts with an estimated 71,707 loci. This portion of the transcriptome covered as much as 99.6% of 248 CEGs; however, 6,631 (4.5%) transcripts were estimated as possible chimeras by the YS method, showing that the rate of chimeric sequences (4.5%) was much higher than that (0.90%) of the 'Public set' ( Table 3 ). The '-merge' option by Oases may contribute to a rise in the rate of chimeric transcripts (Yang and Smith 2013 In ortholog analysis with a 14-plant proteome set (Table 5) , 212,540 orthogroups were identified, 59,553 (28.0%) of which contained at least one A. sachalinensis sequence, while none of the sequences was related to the remaining 152,987 (72.0%) orthogroups (Fig. 2) . When we focused on orthogroups with A. sachalinensis sequences, those with only A. sachalinensis (unique orthogroup) were the most common [46,280 (21.8%) of the total orthogroup], followed by orthogroups with all 14 species [5,592 (2.6%) common orthogroups]. This may result from a unique character of A. sachalinensis and a universal feature of the plant transcriptome. The unique orthogroup contained 47,949 transcripts from TodoFirGene, 32,899 (68.6%) of which had no hits against the NR database, while the common orthogroup contained 53,205 transcripts, only 581 (1.1%) of which had no hits against the NR database.
Digital expression analysis with RSEM (RNA-Seq by expectation-maximization) identified candidate transcripts that are expressed specifically in each tissue (Fig. 3) . Inner bark was the most characteristic tissue in terms of gene expression, because 10,373 transcripts or 4,793 genes were uniquely expressed in this tissue. In contrast, leaf tissue contained only 3,773 and 770 leaf-specific transcripts and genes, respectively.
As for repeat sequences, RepeatMasker masked 1,452,758 bp, which amounted to 0.59% of the total transcript sequences (Supplementary Table S3 ) and was distributed among 24,050 (15.2%) transcripts. Among the repeat sequences, simple sequence repeats (SSRs) were the most frequent, and RepeatMasker identified simple sequences or lowcomplexity sequences in 23,467 (14.8%) transcripts. The MISA program also discovered 28,944 SSRs in 23,570 (14.9%) of transcripts. The most frequent repeats were mono-SSRs, followed by di-SSRs (Fig. 4) . In the coding region, the frequency of triand hexanucleotide repeats was high, where gain or loss of other nucleotide repeats caused frameshift mutations, resulting in protein malfunction. When we exclude mononucleotide Table S4 ).
Transcriptome database: TodoFirGene
We have constructed a transcriptome database, TodoFirGene (Fig. 5) , where most of the results of our analysis were loaded and are accessible through the Internet under the following URL: http://plantomics.mind.meiji.ac.jp/todomatsu/. The database can be queried by either keywords, sequences or expression levels from the front page (Fig. 5) . On the query results page, links to detailed information for transcripts/loci are presented. The transcript detail page (Fig. 6 ) displays the transcript and annotation summary, followed by each annotation detail for KEGG orthology and pathway, InterProScan (including GO) and BLAST search results against NR and UniProt (Swiss-Prot) databases, protein sequences from spruce (P. abies) and poplar (Populus trichocarpa), and transcriptome sequences from silver fir (A. alba) databases. Further annotations were added for intracellular localization and orthologous groups of predicted proteins. For each sequence in orthogroups, the following links to the PODC (Plant Omics Data Center) will display the levels of gene expression in a specified species. The detailed expression for four tissues in A. sachalinensis is shown as a bar graph on the same transcript detail page as well as in JBrowse display, which includes unique read mapping (multiply mapped reads are not shown), and annotations such as protein translations, BLAST results, repeat sequences (microsatellites) and SNVs. Other information includes the chimera risk of the transcript, the nucleotide sequence and predicted protein sequence. For loci with multiple transcripts, the locus detail page (Fig. 7) Fig. S2 ). 
Utility of TodoFirGene
Exploring candidate genes for flowering. Predicting flowering is important for industrial seed production, not only of A. sachalinensis but also of other tree species which flower sporadically. Variable age of maturity with flowering is observed for A. sachalinensis depending on environmental conditions and the origin of individuals . Abies sachalinensis from higher altitudes reach maturity and flower earlier than those from lower altitudes . Artificial pollination experiments between highand low-altitude genotypes revealed that these reproductive traits must be genetically controlled . Flowering is induced by plant hormones, one of which is florigen encoded by Flowering Locus T (FT). In Arabidopsis thaliana, FT is expressed and translated in leaf tissue and transported to the apical meristem, where floral identity genes are activated (Corbesier et al. 2007) . To find FT genes in A. sachalinensis, go to Gene Search and enter the keyword 'Flowering Locus T'. This query returns four entries (four transcripts from three loci), the sequence and annotations of which are available from the download button (Fig. 5) . From the Ortholog group column, one locus (AbisacEGm027477) may be specific to A. sachalinensis, while two loci (AbisacEGm026355 and AbisacEGm027876) have common orthologs in all 14 species. A BLAST search is also used to find FT, using, for example, A. thaliana FT available from: https://www.ncbi.nlm.nih.gov/ nuccore/AB027504.1? report=fasta (March 27, 2018, date last accessed). Pasting the FASTA-formatted sequence to the 'Query fasta' box, selecting the appropriate BLAST program and parameters (blastx and e-value of 1E-50 in the current case) and clicking the 'Submit' button will execute BLAST searches, and results are displayed ( Fig. 5) with four transcripts from four loci. Pollen is a specific structure in the male flower, and we expect characteristic transcripts from the tissue. To find transcripts with expression values >100 times greater in the male flower compared with the female flower, go to Expression value search and enter, for example, 100 in the fold change box. The result shows 20 genes with the greatest expression difference of 1,715.18 from AbisacEGm065621 (Fig. 5) . Clicking the link to the locus detail page for AbisacEGm065621 will show annotations suggesting that the gene may function as chitinase and have nine transcripts. Chitinase has been identified as a pollen allergen in Cryptomeria japonica (Cupressaceae) (Fujimura et al. 2005) , a major forestry conifer in Japan. Detecting Pinaceae orthologous genes. Although OrthoFinder identified that 5,592 orthogroups are common in 14 species, we focus on orthologs among conifers, especially Pinaceae, where conservation of synteny is widely observed among species in different genera. TodoFirGene reference transcripts were utilized to search orthologs of Pinaceae genes (de Miguel et al. 2015) and we found 2,227 homologous sequences in Pinus pinaster, which has been on the Pinaceae composite map. Among these, 955 had homologous sequences from Picea species, which we assumed to be candidate orthologous genes in A. sachalinensis among Pinaceae (Supplementary Table S5 ). From congeneric sequences in Abies, 387 A. alba genes were identified as A. sachalinensis orthologous and also as Pinaceae orthologous candidates (Supplementary Table S5 ). The smaller number of candidate orthologous genes identified in A. alba may come from incomplete coverage of the transcriptome [22,561 transcriptome shotgun assembly (TSA) sequences with an average length of 538 bp]. Orthologous genes will be further confirmed after we carry out linkage mapping of these candidates. de Miguel et al. (2015) identified 513 orthologous unigenes between Pinus and Picea with BLAST homology search and linkage map information. For A. sachalinensis, we have already constructed linkage maps using RAD-Seq (restriction site-associated DNA sequencing)-based markers, and identified several quantitative trait loci (QTLs) . Genetic markers resulting from RAD-Seq normally have no relationships to gene functions. Also sequence similarity of RAD-Seq between species is expected to be low, suggesting low transferability of these markers to other related species. In contrast, the conservative nature of genic sequences helps to link syntenic regions between related species, especially within Pinaceae, whose level of synteny is relatively high. Linkage mapping with these candidate orthologous genes is now underway.
Materials and Methods
Plant materials and RNA-Seq
A matured Abies sachalinensis individual was selected for the present study. The origin of this tree was the high-elevation zone of Mt. Dairoku (1459 m a.s.l.; 43 20'23''N, 142 37'56''E), while the growing environment was in the lowland. In 1973, open pollinated seeds were collected from a natural stand at 1,250 m, and were sown in a nursery seed bed of the University of Tokyo Hokkaido Forest (UTHF) the following year. In 1978, the seedlings were planted in the exhibition forest at 230 m in the UTHF (43 13'11''N, 142 23'03''E). When planted trees were 37 years old, a healthy and flowering individual was selected to use for the subsequent RNA experiment. RNA was separately extracted from (i) fresh male flower; (i) fresh female flower, (iii) young flushing leaf; and (iv) inner bark tissue, which were collected on a partly cloudy morning (10:00-11:00 h) on May 24, 2010. Approximately 0.5-1.0 g of each fresh tissue was used for RNA extraction. Total RNA of each tissue was extracted following the method described by Le Provost et al. (2007) and stored at -80 C until sequencing analysis. The RNASeq experiment was performed by Hokkaido System Science Inc. with 100 bp paired-end libraries run on a HiSeq2000 (Illumina Inc.). We used a separate barcode to distinguish each tissue sample on a single flow cell lane. 
Bioinformatic analysis
Pre-processing of sequencing reads. Redundant sequencing reads (reads with the same sequence in a pair) were removed with an in-house script, and then adaptors and poly(A) sequences were removed with cutadapt (Martin 2011) . Low-quality sequences were also removed with the in-house program, where reads of length 20 bp were retained. Reads with similarities to rRNA/tRNA sequences in A. thaliana and Oryza sativa (downloaded from TAIR and RAP-DP, respectively) were removed according to the BLASTn results (evalue cut-off of 1E-5). If either forward or reverse reads were removed during this pre-process, they were both removed. Remaining reads were re-paired in paired-end form.
Assembly, clustering and evaluation of reference transcriptome. Pre-processed reads were assembled with Velvet (Zerbino and Birney 2008) and Oases (Schulz et al. 2012) with k-mers (21-95) , and all of the resulting transcripts were clustered with the EvidentialGene pipeline (Gilbert 2013) . We selected 'OK main' and 'alt' categories from the output of EvidentialGene and defined the 'Public set' of the reference transcriptome for A. sachalinensis (TodoFirGene). Multiple transcripts from the same gene were integrated into a superTranscript with Lace software (Davidson et al. 2017) .
In order to evaluate the reference transcriptome, we focused on comprehensiveness and the number of erroneous chimeras in the reference. Comprehensiveness was assessed with CEGMA (Parra et al. 2007) , in which 248 CEGs were BLASTed against TodoFirGene. Chimeric candidates were detected by FrameDP (Gouzy et al. 2009 ) with Pabies1.0-all-pep.fa as a reference protein sequence, which was merged from Pabies1.01.0-HC-pep.faa, Pabies1.01.0-MC-pep.faa and Pabies1.01.0-LC-pep.faa on the web site of the Norway Spruce Genome Project (Nystedt et al. 2013 ). In addition, chimeric transcripts were also detected by a script in optimize_assembler (Yang and Smith 2013 ) (hereafter referred to as the YS method) with Pabies1.0-all-pep.fa as a reference transcript and an e-value cut-off of 1E-2. If FrameDP identified multiple amino acid sequences within a single transcript, and/or the YS method identified a transcript as chimeric, we assumed the transcripts to have a certain level of risk of chimera. We defined three risk levels of 'High', 'Middle' and 'Low', if both, one and no methods identified a transcript as chimeric, respectively.
Annotation of reference transcriptome. Reference transcriptome sequences (TodoFirGene) were BLASTed against NR and UniProt (Swiss-Prot). Protein sequences from P. abies (ver. 1.0) and P. trichocarpa (ver. 3.1) were also queried, which were downloaded from ConGenIE (http://congenie.org/start (March 27, 2018, date last accessed)) and phytozome12 (https://phytozome. jgi.doe.gov/pz/portal.html (March 27, 2018, date last accessed)), respectively. As congeneric sequences, A. alba 22,561 TSA sequences (Roschanski et al. 2013) were downloaded and queried by tBLASTx. We applied an e-value cut-off of 1E-5 for all BLAST searches. From the result of the NR BLAST search, taxonomy information on the top hit accession number from each query was extracted with the tax2acc tool (https://github.com/richardmleggett/acc2tax (March 27, 2018, date last accessed)). We used the KEGG database to estimate metabolic pathways in KAAS (Moriya et al. 2007 ) with eudicot and monocot gene sets. Estimated amino acid sequences by EvidentialGene were queried against the InterPro database, whose output was used to extract GO terms. GO terms were converted into plant GOslim terms by Map2Slim from OWLTools (https:// github.com/owlcollab/owltools (March 27, 2018, date last accessed)). Intracellular localization for the amino acid sequences by EvidentialGene was predicted with SignalP (Petersen et al. 2011) , ChloroP (Emanuelsson et al. 1999) and WoLF PSORT (Horton et al. 2007 ) with default parameters. For the analysis with ChloroP, sequences >4,000 amino acids were excluded due to the program limitation. Orthologous sequences were identified by OrthoFinder (Emms and Kelly 2015) with the 14 protein sequence data set listed in Table 5 . Levels of gene expression for each tissue were quantified with the RSEM program (Li and Dewey 2011) with default parameters for both transcript and gene levels. We assumed that gene expression in each tissue was proportional to the number of sequencing reads from the tissue.
Identification of candidate genetic markers. Repeat sequences were analyzed with RepeatMasker (http://www.repeatmasker.org (March 27, 2018, date last accessed)) and MISA (Thiel et al. 2003) programs. In MISA, microsatellite sequences were defined with the minimum numbers of repeats as follows: eight for mono-SSRs, six for di-SSRs, five for tri-SSRs, four for tetra-SSRs, three for penta-SSRs and three for hexa-SSRs. The location of each microsatellite (coding sequence or not) on a transcript was estimated by the 'bedtools intersect' (Schulz et al. 2012) . SNVs were also detected utilizing BAM alignment files produced in the expression analysis, which were merged into a single file. The merged BAM file was processed with Picard (http://broadinstitute.github.io/ picard (March 27, 2018, date last accessed)) to add RG tags, samtools (Li et al. 2009 ) to sort, and GATK (McKenna et al. 2010 ) to realign indel regions, and converted into an mpileup file by samtools. Finally, SNVs were called and filtered with the bcftools package (vcfutils.pl varFilter with parameters '-d 3 -Q 20'). Putative SNVs were summarized by the vcftools package.
Pinaceae ortholog estimation. The utility of TodoFirGene was tested by estimating candidates of Pinaceae orthologs in A. sachalinensis by referencing the Pinaceae composite linkage map (de Miguel et al. 2015) . Because the genome organization of Pinaceae is conserved among species, we expect orthologous genes in A. sachalinensis to be identified on the Pinaceae composite map. Orthologous genes were first screened by a reciprocal tBLASTx homology search between TodoFirGene and P. pinaster unigenes (v3.0) (Cañas et al. 2014) downloaded from the SustainPineDB (http://www.scbi.uma.es/sustainpinedb/ home_page (March 27, 2018, date last accessed)). Homologous sequences were then identified according to de Miguel et al. (2015) . The threshold of the reciprocal best BLAST hit had a percentage identity >85%, an e-value <1E-65 and an alignment length >200 bp. We selected candidate Pinaceae orthologous genes in A. sachalinensis if corresponding P. pinaster genes had homologous genes in Picea species.
Database system architecture and usability
TodoFirGene was implemented on CentOS (6.8) operating systems with an
